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Abstract—Non-spore-forming bacteria of the genera Arthrobacter and Micrococcus, isolated from permafrost
subsoil, were found to produce greater amounts of the d; extracellular factor than closely related collection
strains isolated from soil. The effect of this factor, responsible for cell transition to anabiosis, was not species-
specific. Thus, the d; preparation isolated from the culture liquid of the permafrost isolate Arthrobacter globi-
formis 245 produced an effect on the collection strain Arthrobacter globiformis B-1112 and also on Micrococ-
cus luteus and Bacillus cereus. The d; preparation from the permafrost isolate of Arthrobacter differed from the
chemical analogue of thisfactor, 4-n-hexylresorcinal, in thelevel of the induced cell response, which may have
resulted from different cell sensitivity to various homologs of alkylhydroxybenzenes contained in the d; prep-
aration. Thus, additional evidence was obtained indicating that autoregul ation of bacterial growth and devel op-
ment is implemented at the level of intercellular interactions in microbial communities. Abundant production
of the d; anabiosis-inducing factors by bacteriaisolated from permafrost subsoil is probably aresult of special
antistress mechanisms responsible for the survival of these bacteria under extreme conditions of natural long-

term cooling.
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Soil microorganismsare known to be ableto survive
for a long time under environmental conditions unfa-
vorable for active growth, such as a shortage of nutri-
ents, nonoptimal temperature, and other adverse physi-
cochemical factors. Of great interest are microorgan-
isms surviving in frozen subsoil sedimentary rocks for
thousands to millions of years and restoring their activ-
ity upon thawing [1, 2]. Most of these viable bacteria
were found to be the non-spore-forming; they evidently
follow a specific strategy of survival under extreme
conditions.

One of the ways to survive under these conditions,
described mainly for gram-negative bacteria, isthe ces-
sation of cell division and atransition to a state charac-
terized by alow level of metabolism. Cellsin this state
are referred to as viable but nonculturable cells
(VBNC) [3, 4] or ultramicrobacteria[5]. Such cellsare
unable to produce colonies when plated on solid media
under standard conditions. After specific resuscitation
procedures [4], VNC recovered to growth; however,
this was possible only after a definite time of storage.
In other words, the reversion of VBNC to active growth
isonly possible after arelatively short-term noncultur-
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able existence. Another way to surviveis cell transition
into anabiotic state, in which they can remain viablefor
along time. Anabiotic cells are characterized by alow,
experimentally undetectable level of metabolic activity
and an increased resistance to extreme conditions. Spe-
cialized cell forms (spores, conidia, etc.) are well-
known examples of anabiotic cells. Recognizing the
ecologicaly important role of nonculturable microor-
ganisms, we however believe that long-term survival of
non-spore-forming bacteria in frozen ground is to a
great extent due to their ability to produce anabiotic
resting forms.

We have shown previously that some non-spore-
forming bacteria and yeasts produce cyst-like refractile
cells (CRC) displaying the properties of resting forms
[6, 7]. The formation of CRC depends on the concen-
tration and activity of specific extracellular metabolites
that we termed cell differentiation factors, d,. They
function as autoinducers of anabiosis and belong to
akylhydroxybenzenes (AHB) in some microorganisms
[8-10]. It can be assumed that the survival of non-
spore-forming bacteria in soil and subsoil sedimentary
rocks, including frozen ones, is due to their ability to
synthesize similar autoinducers of anabiosis which
cause the transition of vegetative cells into the resting
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state. The goal of this study was to assess the level of
production of the d, factor by non-spore-forming bacte-
riaof the genera Arthrobacter and Micrococcusisolated
from permafrost subsoil sedimentary rocks.

MATERIALS AND METHODS

The isolates of non-spore-forming bacteria of the
genera Arthrobacter and Micrococcus were obtained
from 1.5-2 million years old frozen sedimentary rocks
sampled in the tundra zone of Kolyma lowland. The
sampling procedure, as well as the transportation and
storage of the material were performed under sterile
conditions [2].

Strains Arthrobacter globiformis 245, isolated
from permafrost subsoil,! and Arthrobacter globiformis
B-1112 (VKM), isolated from soil, were cultivated at
room temperature on trypticase-soybean medium or
on synthetic medium composed of (g/l) glucose, 2;
K,HPO,, 1; KH,PO,, 0.1; (NH,),SO,, 0.05; CaCl,, 0.2;
and MgSO,, 0.1 (pH 7.0).

The Micrococcus roseus collection strain CCM
1145 isolated from soil? and an isolate of Micrococcus
sp. from permafrost subsoil sample were grown on
nutrient broth or a deficient medium containing (g/l):
glucose, 1; yeast extract, 0.2; (NH,),SO,, 1; KH,PO,,
0.1; and trace elements (mg/l): MgSO, - 7H,0O, 100;
ZnS0O,, 0.4; KI, 0.1; CuSO, - 5H,0, 0.04; Na,M 0O, -
2H,0, 0.2; NaEDTA, 3 (pH 7.4).

The Micrococcus luteus strain NCIMB 13267 was
grown on synthetic medium of the following composi-
tion (g/): lithium lactate, 5; NH,Cl, 4; KH,PO,, 4;
microelements (mg/l): MgSO, - 7H,0, 50; FeSO,, 20;
MnCl, - 4H,0, 20; ZnSO,, 0.4; B(OH),, 0.5; CuSO, -
5H,0, 0.05; Na,M 00O, - 2H,0, 0.2; and growth factors
(mg/l): thiamine, 40; methionine, 20 (pH 7.2-7.4).

The Bacillus cereus strain 504 (VKM), grown on
synthetic medium [7], was also used in some experi-
ments as an additional test-microorganism.

Bacteria were cultivated at 28°C on a shaker (140—
160 rpm) in 250-ml flasks containing 50 ml of medium,
which was inoculated to an optical density OD = 0.2
with stationary-phase cultures grown on nutrient broth.

Microscopic examinations were performed using a
phase-contrast Amplival microscope (Germany). The
optical density of microbial suspensionswas measured
nephelometrically (A = 660 nm) on a Specord spectro-
photometer in 10-mm cuvettes. The cell dry weight was
determined after drying for 24 h at 105°C. Respiratory
activity of cell suspensions was measured on a LP7E
polarograph (Czechoslovakia) in 1-ml oxygen cell by
the Shol’ts-Ostrovskii’s method [11].

1The strain was provided from the collection of the Department of
Soil Science, Moscow State University.

2The strains were kindly provided by T.G. Dobrovol’skaya and
L.V. Lysak, Department of Soil Science, Moscow State Univer-
Sity.
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Crude preparations of the d, factor were obtained
from the culture liquids (bacteria were grown on syn-
thetic medium) by extraction with n-butanol added at a
ratio of 1 : 1. Butanol was removed on a rotary evapo-
rator, and the residue was extracted using biphasic sys-
tems for lipid separation: chloroform—methanol—water
(2:2:18and 2: 2: 1 voal/val). Solvents from both
upper and bottom phases were removed in a rotary
evaporator, and the residue was dissolved in ethanol.
The biological activity of the fractions obtained, intro-
duced as ethanal solutions, was determined (1) qualita-
tively, from their ability to induce the formation of
refractile cells, which was monitored under a phase-
contrast microscope in the course of a 1-h exposure,
and (2) quantitatively, from their effect on the endoge-
nous respiration of the producer cells (the amount of the
factor that inhibited cell respiratory activity by 50%
was defined as 1 arbitrarily unit [6]). An equivaent
amount of ethanol, which never exceeded 5% (vol/val),
was introduced into control cell suspensions.

The content of AHB in biologically active prepara-
tions of the d, factor was determined quantitatively
using a colorimetric reaction with a diazotized deriva-
tive of 3,3'-dimethoxybenzidine (Fast Blue B Salt tetra-
zotized, FBB, Sigma), which had previously been
applied for akylresorcinol detection in plants and
microorganisms [12]. To prepare a solution of the
reagent, 5 mg of FBB was dissolved in 10 ml of 5%
acetic acid and diluted with five volumes of n-propanol.
The AHB content was measured directly in the bacte-
rial cultureliquid as described previously [10]. Thefol-
lowing alkylresorcinols synthesized at the Institute of
Organic Chemistry, Russian Academy of Science, were
used as references. 5-n-pentadecylresorcinol, 4-n-
decylresorcinol, 4-n-hexylresorcinol, 2,5-dibutylresor-
cinol, and 2-nonyl-5-decylresorcinol.

To assess the inhibiting effect of KCN, cell respira-
tory activity was determined in a 1-ml cell containing
bacterial suspension (0.1 ml) in 0.9 ml of 0.1 M
KH,PO, buffer, into which from 5 to 10 ul of afreshly
prepared KCN solution of a necessary concentration
was added. To determine cytochrome composition, dif-
ference absorption spectra (cells reduced with dithion-
ite versus cells oxidized with hydrogen peroxide or fer-
ricyanide) were recorded within a wavelength range
from 380 to 650 nm on a Hitachi-557 spectrophotome-
ter (Japan).

The content of d, and AHB, as well as changes in
cell respiratory activity depending on these factors,
were determined in three independent experimental
series with each experiment run in triplicate. The
results obtained were treated using the STATISTICA
software for calculation of standard deviations (P <
0.05). The mean arithmetic values are shown in tables
and figures; data on standard deviations within the
range of 5% are not shown.

To obtain preparations for electron microscopy,
cellswere precipitated by centrifugation, and, after fix-
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Fig. 1. Growth of M. roseus 1145 on (1) nutrient broth and
(2) deficient medium and growth of the Micrococcus sp.
permafrost isolate on (3) nutrient broth and (4) deficient
medium.

ation in a 2.5% solution of glutaraldehyde in 50 puM
cacodylate buffer (pH 7.2), they were additionally
treated with 0.5% RuQ, in the same buffer [13]. Thin
sections negatively stained with lead citrate were exam-
ined in a JEM-1008 electron microscope at a magnifi-
cation 30 000x.

RESULTS AND DISCUSSION

The Micrococcus sp. isolate obtained from perma-
frost subsoil proved to be closely related to strain
Micrococcus roseus CCM 1145 [14], according to the
colony morphology and physiological and biochemical
characteristics. Another strain isolated from permafrost
subsoil, Arthrobacter globiformis 245, was compared
with a related collection strain isolated from soil:
Arthrobacter globiformis B-1112.

Comparison of the collection strain Arthrobacter
globiformis B-1112 and Arthrobacter globiformis 245
isolated from permafrost subsoil revealed no apparent
distinctions between them: the maximum specific
growth rates were 0.25 and 0.27 h_;, and the biomass
yields were 1.2 and 1.4 g/l, respectively. In contrast,
M. roseus 1145 and the Micrococcus sp. from permafrost
subsoil differed significantly. On rich medium, nutrient
broth, the collection strain of M. roseus displayed a
short lag phase (4 h), a high maximum specific growth
rate (U,,.x = 0.39 h™'), and ahigh biomassyield (3.2 g/l).
The Micrococcus sp. isolate obtained from permafrost
subsoil displayed a prolonged lag phase (24 h), alow
Mo = 0.11 h!', and a 1.7-fold lower biomass yield. On
medium deficient for the major sources of nutrition,
both the collection strain of M. roseus and the isolate
were characterized by a substantial decrease in the
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Fig. 2. Inhibition of the respiratory activity of M. roseus
cells and cells of the Micrococcus sp. permafrost isolate by
KCN. Designations are the same asin Fig. 1.

growth rate (W,,,, = 0.005 h™) and alow biomassyield,
0949/ (Fig. 1).

In response to starvation, which may be considered
a stress situation for microorganisms, not only does
their growth rate decrease, but they also develop a
defence reaction, gaining resistance to unfavorable
conditions. To assess cell resistance, their reaction to
the effect of respiratory poison, cyanide, was studied.
In M. roseus 1145, the respiratory chain enzymes
exhibited the lowest resistance to cyanide (1 mM) dur-
ing exponential and linear growth of the culture on
nutrient broth (Fig. 2). Theresistance of stationary-phase
cellsincreased; at a cyanide concentration of 1 mM, the
cell respiratory activity was 20 to 30% reduced. In con-
trast, the cells of the Micrococcus sp. permafrost isolate
growing exponentially on nutrient broth were highly
resistant to the effect of the inhibitor: their respiratory
activity was 50% inhibited only at aK CN concentration
of about 6 mM (Fig. 2). On a deficient medium, both
micrococci showed slow growth and were resistant to
cyanide. In cyanide-resistant micrococci, either grown
on adeficient medium or exhibiting a constitutively low
growth rate, the cytochrome a,, absorption maxima
were extremely low, as distinct from cyanide-sensitive
micrococci. Such acorrel ation between the growth rate,
dependent on the cultivations conditions, and the resis-
tance to KCN was previously described for Rhodococ-
cus minimus[15]. The constitutively low growth rate of
the permafrost isolate, which was independent of the
medium composition (nutrient broth or deficient
medium) and correlated with increased resistance to
stresses, is probably one of the factors that promote the
survival of these and may be other bacteria under
extreme conditions.
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Table 1. Content of the extracellular d; factor and AHB* per unit of volume and biomass in the isolate A. globiformis 245
from permafrost subsoil and in the collection strain A. globiformis B-1112

Culture

Content of extracellular
d, factor, act. unitg/|

Yield of extracellular d;
factor, act. units/g cells

Content of AHB in
preparations of extracellular
d, factor, mg/mil**

A. globiformis B-1112
A. globiformis 245

8
100

3.6
38.5

0.07
1

* |n crude preparations isolated from equal volumes of the culture liquid.
** One milliliter of the preparation was obtained from 5 | of the culture liquid.

Table 2. Content of extracellular d, factor and AHB* per unit of volume and biomass in the Micrococcus sp. isolate from
permafrost subsoil and in the collection strain M. roseus CCM 1145

Culture

Content of extracellular

di factor, act. unitg/l

Yield of extracellular dj,

Content of

extracellular AHB,

Yield of extracellular
AHB, mg/g dry cells

factor, act. units/g cells mg/|
M. roseus CCM 1145 132 14.6 1.2 13
Micrococcus sp 224 24.8 2 22

* |n crude preparations isolated from equal volumes of the culture liquid.

Table 3. Sensitivity of cells* of the collection strains of A. globiformis, M. luteus, and B. cereus to the extracellular d, factor
from Arthrobacter globiformis 245 (the isolate from permafrost subsoil) and to d; analogue, 4-hexylresorcinol

Culture

Amount sufficient for 50% inhibition of cell respiration by

d, factor of Arthrobacter
globiformis 245, mg AHB/ml

analogue of d, factor,
4-hexylresorcinol, M

Concentration of

4-hexylresorcinol inducing
formation of anabiotic cells*, M

A. globiformis B-1112
M. luteus
B. cereus

1213
20
14

25x 1074-3.0x 1074
75x103-8.0x 10°°
2.0x 104-3.0x 107*

8.0 x 104-10 x 104
25x104-3.0x 104
10.3x 10425 x%x 104

* Cells from the phase of linear growth (medium pH 7.2).

Table 4. Sensitivity of cells* of M. luteus and A. globiformis B-1112 to various chemical analogues of the d, factor

Analogue

Concentration sufficient for

50% inhibition of M. luteus
cell respiration, M

formation of A. globiformis
B-1112 anabiotic cells, M

4-n-Hexylresorcinol
4-n-Decylresorcinol
5-n-Decylresorcinol
2,5-Dibutylresorcinol

2-Nonyl-5-decylresorcinol

8.0x107°
40.0 x 10°°
51x10°
13.0x 10°
28.2x 10°

10x 104
50x 104
5.0x 1074
10x 104
20x 104

* Cells from the phase of linear growth (medium pH 7.2).

It is well-known that the anabiotic forms of micro-
organisms, such as endospores, conidia, etc., are most
resistant to various adverse impacts. In non-spore-
forming microorganisms, the formation of anabiotic
cellsisinduced at an increased concentration of extra-
cellular metabolites, autoinducers of anabiosis; this

was demonstrated for a number of bacteria and yeasts
[6, 7]. In further experiments, we tried to isolate these
autoregulatory factors and compare the level of their

production by arthrobacters

and micrococci from per-

mafrost subsoil with the production level characteristic

of the collection strains.

MICROBIOLOGY
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Fig. 3. Thin sections of cells of the A. globiformis 245 permafrost isolate: (a) a vegetative cell of A. globiformis 245 (3-day culture
grown on trypticase-soybean medium; 54000x); (b) and (c), anabiotic cells of A. globiformis 245 whose formation was induced (b) by
achemical AHB analogue, 4-n-hexylresorcinol or (c) by a crude preparation of the d; factor, autoinducer of anabiosis (54000x).

Thed, extracellular factors (autoinducers of anabio-
sis) were isolated from 5-1 portions of the culture lig-
uids of stationary-phase cultures of A. globiformis 245
(the permafrost isolate) and A. globiformis B-1112 (a
collection strain) as described in [8-10] and dissolved
in 1 ml of ethanol. The biologica activity of thed, fac-
tor (the effect on the producer respiration), expressed in
arbitrarily unitsper 11 of the cultureliquid or 1 g of dry
cells, was an order of magnitude higher in the A. globi-
formis permafrost isolate than in the A. globiformis col-
lection strain (Table 1). In some of the previously stud-
ied microorganisms, alkylhydroxybenzenes (AHB) were
found to be the active substance of the d, factors; how-
ever, they varied in their structurein different producers
[8-10]. The colorimetric reaction with FBB is specific
for AHB (akylresorcinols) [12], and they were detected
by this method in biologically active preparations of the
d, factors obtained from the bacteria studied. The spe-
cific concentration of AHB in the d, preparation from
the A. globiformis permafrost isolate was an order of
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magnitude higher than in the d, preparation from the
collection A. globiformis strain. This correlated with
the levels of autoregulatory substances measured in
units of biological activity.

The d, autoregulatory factors were also isolated
from the cultures of the permafrost isolate of M. roseus
and the matching collection strain grown on a deficient
medium. The biological activity of the preparations
obtained was studied (Table 2) and their AHB content
was determined using the colorimetric quantitative
reaction with FBB [10, 12] and taking into account the
previous evidence concerning the akylhydroxyben-
zene nature and the d, factor in Micrococcus luteus and
data on the dynamics of its synthesis[10]. In theisolate
of micrococci from permafrost subsoil, both the content
of the d, factor (as judged from the biological activity)
and AHB (as judged from the reaction with FBB) were
higher than in the collection strain (Table 2). The for-
mation of the cyst-like, refractile cells was observed
after the addition of the d, factor from A. globiformis



540

245 (the isolate from permafrost subsoil) to the pro-
ducer culture, as well as after the addition of some
chemical analogues of AHB.

Electron microscopy of the A. globiformis 245 ana-
biotic cells obtained under the influence of a chemical
AHB analogue, 4-n-hexylresorcinol (Fig. 3b), or under
the influence of the d, factor from the culture liquid
(Fig. 3c) showed that the electron density of their cyto-
plasm decreased, the nucleoid region was poorly
expressed, and the cell walls thickened as compared to
the vegetative cells. Anabiotic cells with similar fea-
tures were previously found in A. globiformis suspen-
sions after autolysis [16]. Cyst-like refractile cells of
other bacteria[7], whose formation was induced by the
d, factors, displayed the same features.

Thus, the A. globiformis and Micrococcus sp. iso-
lates from permafrost subsoil produced higher amount
of autoinducers of anabiosis than the related collection
strains of these bacteria.

The effect of these compounds was not species-spe-
cific, which is ecologically important. For example, the
d, preparation from A. globiformis 245 had an effect
both on the collection strain A. globiformis B-1112 and
on other microorganisms, M. luteus and B. cereus. The
same was characteristic of the d, chemical analogue,
4-n-hexylresorcinol (Table 3), although some quantita-
tive digtinctions were reveaed. Vegetative M. luteus
cells at the stage of linear growth were more sensitive
to the chemical analogue of the d, factor thanthe A. glo-
biformis and B. cereus collection strains; i.e., lower
concentrations of the analogue inhibited endogenous
respiration and induced cell transition into anabiotic
state (Table 3). In micrococci, the formation of resting
refractile cells was observed at alow concentrations of
the analogue (Table 3), which can probably be
explained by ahighintracellular level of thed, factor in
these bacteria (2.3 mg/g dry cell weight [10]). In
pseudomonads, for example, the level of AHB in cells
is an order of magnitude lower [12, 17]. Because of
this, in micrococci, the threshold level of the autoregu-
latory substances that is required for cell transition to
anabiosis is achieved after the addition of a lesser
amount of exogenous AHB than in other microorgan-
isms. Hence, in bacteria of different genera, the level of
sensitivity to these autoregulatory substances may
depend on the intracellular concentrations of the auto-
inducers of anabiosis.

It should be noted that M. luteus cells proved to be
less sensitive to the d, preparations isolated from the
permafrost isolate of A. globiformis (Table 3) than to
the chemical analogue studied. In different microorgan-
isms, the AHB isomers and homol ogs constituting the
d, factor differ in their structure [8-10]; this probably
accountsfor different sensitivity to them. Thiswas con-
firmed in experiments with M. luteus and A. globifor-
mis B-1112. Inhibition of respiratory activity in the M.
luteus cells or transition of the A. globiformis cells to
anabiosis were induced by different concentrations of

MULYUKIN et al.

AHB varying in the position of the substituting group in
their ring or in the length of their alkyl radicals (Table 4).
The effect of the compounds studied on micrococci and
arthrobacters probably depends on the peculiarities of
the membrane structure of recipient microorganisms.

Thus, the isolates of Micrococcus sp. and of Arthro-
bacter globiformis obtained from permafrost subsoil
differed in certain physiological properties from the
collection strains of the same genera. For example, the
Micrococcus isolate displayed a constitutively low
growth rate when cultivated on both enriched and defi-
cient media, which correlated with its increased resis-
tance to adverse impacts (cyanide in our experiments).
It may well be that slow growth, which is genetically
determined or induced by external factors, isrelated to
the resistance to various stress conditions; analysis of
the mechanisms underlying this phenomenon may be
the subject of further studies. The formation of the
microbial community under conditions of long-term
effect of low temperatures is probably accompanied by
a selection of clones (variants) more resistant to the
adverse conditions; these clones may be capable of
long-term survival in the frozen ground due to a more
pronounced capacity for autoinducer-promoted transi-
tion to anabiosis.

Of interest is the fact that in the isolates of Arthro-
bacter globiformis and Micrococcus sp. obtained from
permafrost subsoil, the production of the extracellular
d, factor responsiblefor cell transition to anabiotic state
was 10- and 20-fold higher than in the collection strains.
In the isolate of Micrococcus sp., in particular, the high
level of the autoregulatory substances may account for
itsconstitutively dow growth, aswell asfor itsresistance
and long-term survival in the frozen ground.

Thed, factors with anabiosis-inducing activity were
also revealed in A. globiformis 245 and A. globiformis
B-1112, which suggests that universal mechanisms are
responsible for the autoregulation of bacterial growth
and development under adverse conditions. In various
microorganisms, the d, factors are composed of alkyl-
hydroxybenzenes differing in their structure [8-10];
nevertheless, their activity is not species-specific; i.e.,
the d, factors have an effect not only on the producer
cells, but also on cells of other microorganisms. How-
ever, various microorganisms exhibit different sensitiv-
ity to autoregulatory compounds; these differences are
related both to the structure of these compounds and to
the recipient properties. In general, the results obtained
in this work support the suggestion that under a long-
term ecological impact, antistress mechanisms develop
in bacterial cells, and clones with higher resistance
remain viable as anabiotic resting forms. In the micro-
bial communities of the many-years-long frozen sub-
soil sedimentary rocks, such clones are actively
selected for, and they can restore metabolic activity
more readily than the members of the tundrasoil micro-
bial communities under conditions of artificial or natu-
ral sporadic freeze-thawing [2].

MICROBIOLOGY  Vol. 70
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The results of this study provide an insight into the
functioning of the microbial community consisting of
both producers and recipients of extracellular autoin-
ducers of anabiosis. Ya. Khudyakov was the first to
hypothesize that autoregulation in the soil microbial
communitiesis aresult of chemical intercellular inter-
actions [18]. He suggested that fluctuations in the
microbia population density are caused by periodical
changes in the concentration of a complex of phenol
compounds, periodin, capable of inhibiting all soil
microorganisms. We suggest that the extracellular
d, factors may be considered one of the periodin com-
ponents which perform regulatory functions at the level
of intercellular interactions in the microbial communi-
ties and ecosystems.
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